Lithium ion batteries (LIB) is
Introduction
Limited availability and rising cost of fossil fuels and widespread use of multifunctional portable devices are continuously pushing the performance demands for highly effi cient energy storage devices. Research in rechargeable lithium ion battery (LIB) has gained momentum since the introduction of graphite and LiCoO 2 in 1970s and its commercialization in 1991. Development of effi cient and durable LIB mainly includes designing and testing, electrode and electrolyte materials, which possess desired energy storage properties and synchronized performance. LIBs have several advantages over other traditional rechargeable batteries as they exhibit high cell voltage, high-energy density, long cycle life, no memory effect and longer shelf life. 1, 2 The specifi c energy and power of LIB are compared with other battery technologies in Figure 1 . Use of nonaqueous liquid polymer electrolyte with larger electrochemical window has made it possible for LIBs to operate in a larger voltage range, thereby exhibiting higher power density.
A LIB is an electrochemical cell using combined system of dissimilar materials undergoing oxidation-reduction reactions at the electrodes in tandem to store and retrieve energy as desired. The main parameters for performance evaluation of an electrode material can be broadly classifi ed into the following four categories: (a) energy density, (b) rate capability, (c) cycleability and (d) thermodynamic stability. For a full LIB, specifi c energy density is defi ned as the product of its average operating potential (V) and total amount of charge transfer (Ah) for the unit weight (g) of active electrode material under test, commonly expressed in Whg −1 (VAhg −1 ). It is alternatively expressed as energy density (Wh/L) as desired by an application. Charge-transfer quantifi es the amount of ions moving between the electrodes via electrolyte and same number of electrons in the connecting external circuit. As the ionic conductivity of Li-ions in the electrolyte and electrode is lesser than that of electron conductivity in external circuit, the electrodes need to possess larger interaction area.
In general, it is desired that the electrode material undergo fast charge and discharge while maintaining the high-energy density. Specifi cally, it is the ability of anode material structure to allow faster Li-ions diffusion in and out of the electrode material under the infl uence of external energy. 3, 4 The ability of the anode material to reversibly cycle Li-ions with sustained energy density and least irreversible capacity (IRC) is the cycleability of the anode material. The repeated diffusion of Li-ions in and out of anode material can disrupt (volume expansion, pulverization, delamination) its morphology. To reinstate or prevent the possible change in anode structure, addition of external matrix material or similar chemical modifi cations are desired. Recent review articles by Tarascon and Scrosati discuss these challenges in greater detail. 5, 6 Polymer-derived ceramics (PDCs) are known for their high thermodynamic and chemical stability, tunable electrical conductivity, high mechanical strength and tunable porosity, which make them a viable candidate for LIB anode material. In addition, PDCs can be conveniently molded into any desired shape, size, structure or morphology as demanded by the application. Contemporary materials may only possess one or few of the desired properties, which makes it diffi cult to obtain a high-performing anode from a singlematerial system. While use of PDCs with tailored properties can be independently used as battery anodes.
Anode-material-dependent operational issues
As a battery system consists of several different elements or materials that work in synchronous, each operational issue could originate from one or more different battery elements. In this review, the authors restrict this discussion to the issues involving anode materials only.
Irreversible capacity (IRC)
The intercalation of Li-ion in the anode, may lead to formation of a solid electrolyte interphase (SEI) layer on its surface resulting in consumption of lithium (dissociating lithium salt from the electrolyte). This phase transformation of lithium is an irreversible reaction. Moreover, during the intercalation, Li-ions can form stable compounds either with the active material or at the defect such as surfaces, interfaces and grain boundaries. These trapped ions cannot be deintercalated during the second half cycle. Due to the active material volume change during cycling, loss of electrical connection between the current collector and conducting additive or the active material can result in anode's increased internal resistance and reduce charge transfer. These phenomena can result in a capacity difference between two half cycles (discharge and charge), which is referred to as the IRC or the fi rst cycle loss (ICL). Primarily consisting of lithium carbonate, fl uorides and oxides, SEI is formed out of reduced electrolyte on electrode surfaces. Fortunately, the formation of this passivation layer is important, as it prevents further decomposition of the electrolyte but allows Li-ion diffusion through itself. For the fi rst few cycles, the SEI layer breaks and repairs itself to accommodate volume changes associated with Li-ion diffusion. After few initial cycles, the SEI stabilizes and prevents further reduction of electrolyte on the surface, prolonging anode cycle life. [7] [8] [9] IRC is a measure of the chemical and structural stability of electrode with increasing electrochemical cycling. For longer electrode life, it is thus desired to reduce the IRC and maximize the coulombic effi ciency. To this end, prelithiation of anode can compensate for the lithium lost in initial irreversible reactions until stable SEI has formed. Inclusion of additives in electrolyte, which can enhance SEI layer formation or coating a SEI inhibiting layer, can also help reduce IRC. Formation of an artifi cial layer on the active material surface can further reduce the IRC.
Voltage hysteresis
The difference of the average operating potential of the Li-ion intercalation and deintercalation cycle for a given electrode is termed as hysteresis. Physically, the polarization in the electrode material can be observed as a shift in average operating voltages of charge and discharge cycles. [10] [11] [12] Reduction in particle size of the active material, reduced anode fi lm thickness, operating the cell at slower charge/discharge rates during initial cycles have been known to reduce the cyclic hysteresis. In general, these methods reduce the electrode overpotential either by reducing the cycling rate or by decreasing the impedance resulting from charge transport. Even though these factors can decrease the hysteresis, it cannot be eliminated completely due to its thermodynamic origin. 13 Inclusion of nonconducting binder further induces polarization in the anode, and hence reduction or elimination of the binder can also reduce hysteresis.
Capacity decay/fading
During electrochemical cycling, several reactions, including dissociation of Li ions from the positive electrode, their transport in electrolyte through separator, ionic diffusion in anode during charge and electrolyte-electrode interfacial reactions can result in instabilities in overall cell performance and can cause its specifi c capacity to fade. The decay in the cyclic capacity of the anodes can effectively be studied by measuring the internal resistance of the electrode. Correlating the physical phenomenon contributing to the increased impedance can help address the capacity decay issue. Increase in internal resistance can also be caused due to the loss of physical connection between the active particle and the conducting medium, phase change and so forth. 
Operational safety
When operating at low voltages, in the absence or due to discontinuous SEI layer on the electrode surfaces, reduction of Li-ion at the electrode surface can result in the formation of dendrites. Prolonged accumulation of lithium can further result in increased size of dendrites, puncturing the separator and thereby short circuiting the cell. As the electrolyte used in LIBs is a mix of organic compounds, severe explosion can result. Lithium plating on the electrodes can be prevented by limiting the state of charge or inclusion of an additive material in the electrolyte that assists in rapid formation of amorphous SEI layer during charging. 15 The major material issues related to anode material are summarized with the help of a fl ow chart in Figure 2 
Polymer-derived ceramic systems
PDCs are covalently bonded ceramics, generally synthesized through controlled thermal decomposition of certain organosilicon polymers such as polysilazane, polysiloxanes, polycarbosilanes and polyborosilanes in inert atmosphere. PDCs have been shown to exhibit numerous functional properties including high electrical conductivity, high-temperature stability, chemical resistance, creep resistance and mechanical strength. The ability to engineer the functional properties of PDCs by programing the synthesis conditions is an important feature of these materials.
These properties are mainly attributed to their temperature-dependent microstructure, which consists of -sp 2 bonded carbon network along with nanodomains of silicon mixed bond tetrahedra that resists crystallization up to approximately 1300-1500°C ( Figure 3 ). Increasing challenges and rising expectations for ceramics used in engineering applications have driven the rapid development of PDC ceramics. Of the several multifunctional properties that PDCs have been shown to exhibit, a few of the relevant properties that make them a desirable LIB anode material are discussed here in brief.
Tunable engineering properties
Thermodynamic stability PDCs such as SiOC and SiCN are thermodynamically more stable than their crystalline binary forms (such as SiO 2 , SiC and Si 3 N 4 ) primarily because of the presence of Si-mixed bond tetrahedral and excess free carbon that limits atomic mobility in the ceramic resisting crystallization up to very high temperatures. Generally, it is the carbon-rich PDCs that show higher resistance to crystallization than carbon-defi cient PDCs. In case of SiCN, it is believed that graphene-like carbon wraps (seals) around Si 3 N 4 domains, thereby limiting outward diffusion of nitrogen atoms. Addition of elements like B, Zr and Hf has been shown to further improve resistance to Boron is known to form turbostratic B-C-N phase with carbon resulting in a diffusion barrier in Si-B-C-N ceramics further improving their thermal stability. 17 Hence, thermodynamic stability in these materials can be tailored by either elemental doping (ternary to quaternary systems) or by controlling the processing conditions.
Electrical conductivity PDC can be made semiconducting or insulating depending on the pyrolysis temperature, which in turn determines the microstructure and amount of electron conducting phases in the fi nal ceramic. In general, electronic conductivity increases with increasing pyrolysis temperatures, which also coincides with increasing free-carbon phase. For PDCs synthesized at low temperatures 600-800°C, DC conductivities in the range of 10 −10 to 10 −8 S/cm have been reported. [18] [19] [20] While semiconducting or even metallic conductivities have been observed for PDCs synthesized between 1000 and 1400°C, which is usually attributed to the formation of a carbon percolation network. Even higher electronic conductivities for PDCs synthesis above 1400°C were understood to be due to the percolation of nanocrystalline phases formed. Further increase in electrical conductivity is possible by means of elemental doping.
Chemical stability
SiOC have been shown to possess better chemical stability than conventional SiO 2 , due to the presence of free carbon, stable Si-C bonds and overall disordered ceramic structure. The chemical stability of SiOC tends to depend on the formation and separation of Si-C and SiO 2 phases (increase in phase formation reduces its chemical stability). The presence of Si-C bond (resists the nucleophilic reactions) and graphene-like carbon network suppresses chemical diffusion into these ceramics. 21 Similarly, chemical stability of polymer-derived SiCN and Si(B)CN have also been shown to be higher than crystalline Si-N or SiC.
Mechanical properties
Mechanical properties of PDCs have majorly been investigated in the form of fi bers. Most PDCs show tensile strength (up to 3 GPa) and elastic modulus 50-150 GPa, which is slightly lower as compared with the conventional ceramics. 22 The elasticity of PDCs depends on the atomic arrangement and their covalent bonding. For SiOC ceramics, carbon provides the rigidity, which is balanced by fl exibility of oxygen in the silicon tetrahedral. Bulk density (1·8-2·3 g/cm 3 ) increases with increasing pyrolysis temperature due to lesser hydrogen in the ceramic and has a positive infl uence on mechanical strength and elastic modulus.
Processability
PDCs can be synthesized using traditional processing techniques such as hot and cold pressing, extrusion and injection molding. Furthermore, the direct polymer-to-ceramic processing route makes these ceramics suitable for making complex structures at micro and nanometer scales including fi bers, 23, 24 thin fi lms 25, 26 and shell/core nanocomposites. [27] [28] [29] [30] [31] In addition, the polymer-to-ceramic route also allows homogenous distribution of constituent elements at the molecular level with controlled microstructure.
It is also possible to control the porosity in these ceramics. Colombo 
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For a more detailed discussion of the structure and engineering properties of PDCs, please refer to the review article by Colombo et al. 
Experimental results on PDC based battery anodes
Silicon-based nanostructures are being explored aggressively as potential battery anode materials, because of silicon's high Li alloy ability with theoretical capacity exceeding 4000 mAhg −1 (an order of magnitude higher than graphite anode used in commercially available Li-ion batteries) and its low discharge potential. [33] [34] [35] [36] However, silicon's high electrochemical capacity comes at the cost of increased volume changes (up to 400%) that occur on lithiation and delithation causing several operational issues including pulverization and poor capacity retention especially for large-size battery anodes (active material loading >2 mg) making them commercially unviable. Although several solutions have been suggested, but convincing results are yet to be seen.
To this end, silicon-based amorphous PDC anodes have demonstrated promising results. Recent studies show that PDCs can store lithium reversibly in the voltage range of 0-3 V with electrochemical capacities as high as 900 mAhg −1 with coulombic effi ciencies exceeding 99%. Other advantages include, high thermodynamic stability, open amorphous structure and processing fl exibility. While major concerns include their fi rst cycle loss (27-50% depending on the chemical composition) and voltage hysteresis (0·8-1·2 V). It is believed that these issues can be addressed by altering the chemical structure of the starting polymer (and hence the fi nal ceramic), increasing surface area (by inducing porosity, surface etching) or by addition of electrically conducting nanofi llers with favorable chemical composition.
Much of the work involving PDC anodes have been performed on polysilazane-derived SiCN and polysiloxane-derived SiOC systems. The ease of availability and well-established processing methods for these PDCs are the main reasons for their popularity. Experimental results obtained using these two tertiary PDC systems are reviewed in the following section and are summarized in Table 1 .
The Si-C-O system
Because of the limitations associated with crystalline silicon-based anodes, there was an obvious interest in exploring other similar materials that can offer high electrochemical capacity and remain mechanically and chemically stable for large number of cycles.
The cyclic performance of polymer-derived SiOC was fi rst investigated by Wilson et al., 37 in which they showed SiOC's ability to reversibly intercalate Li-ions under 1 V with a capacity of approximately 600 mAhg −1 . Later, they studied the effect of processing temperature on SiOC's lithium cycleability, which revealed least fi rst cycle loss and highest reversible capacity for specimen processed at 1000°C. 38 Furthermore, Xing et al. performed a parametric study involving 60 different SiOC anode specimens with varying chemical composition. Their results showed best performance for SiOC ceramic with 14% Si and 80% C (Figure 4a and 4b) . 39 The SiOC ceramic with equal concentrations of Si, O and C performed better than either the crystalline graphite or SiC or SiO 2 individually.
Later, Sanchez-Jimenez et al. 40 concluded that the best performing anodes specimens lie in the nanodomain regime in the Si-O-C 
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Polymer-derived ceramics as anode material for rechargeable Li-ion batteries: a review Bhandavat, Pei and Singh composition triangle as shown in Figure 4a . The specimens inside (above) the SiC-SiO 2 tie-line will have Si-mixed bonds with O or C (nanodomain model in Figure 3 ), whereas those outside this region will possess Si clusters or other agglomerated phases. Therefore, when mixed bonds (either O-rich or C-rich) in silicon tetrahedral were corelated to the specifi c reversible capacity, about 0·75 Li-atom were estimated to intercalate in one mixed bond of Si-tetrahedra. However, exact mechanism or site of Li-ion intercalation in SiOC was not explained.
Furthermore, Ahn et al. studied hysteresis in SiOC ceramics by means of coulometric titration experiments and determined the origin of hysteresis as polarization (250-500 mV) that occurs at anode-electrolyte interface and observed to be proportional to the cycling rate. 41 Application of a nonactive atomic layer deposition (ALD) coating of Al 2 O 3 on SiOC marginally decreased the hysteresis to 0·4 V. Hence, the hysteresis is believed to be a combined effect of thermodynamic and kinetic factors that mainly originated during the deintercalation half of the cycle.
Ahn et al. further varied the ceramic precursor chemistry to synthesize a range of Si-C-N-O ceramics with varying N/O ratio.
Results from these specimens showed that the SiOC structure was more desirable than SiCN processed under similar conditions ( Figure 5 ). They concluded that the higher covalence in Si-N bond localizes electron density and is less effective in Li-ion binding than Si-O bonds. In the same work they also studied cyclic stability of SiOC as a function of their pyrolyzed temperature. Specimens pyrolyzed at 800 and 1000°C showed approximately 100% capacity retention after 60 cycles, while those prepared at 1200 and 1400°C showed a continuous drop. 42 Similarly, other groups have also shown improved electrochemical performance for SiOC specimen processed at 1100 and 1300°C. 43, 44 Further work on SiOC was carried out by Liu et al., 45 who found that changing the pyrolysis medium from argon to hydrogen increased carbon content in SiOC ceramic resulting in better reversible capacity. Addition of external carbon source such as divinyl benzene further resulted in capacity improvement, but a slight increase in hysteresis was also observed. 45 The processing fl exibility of PDCs has also allowed synthesis of SiOC thin-fi lm-based anodes. Experiments involving (0·5-5) μm thick SiOC fi lms showed improved electrochemical performance than the bulk SiOC specimens. Unlike the conventional anodes that have conducting agents and binder added in them, these fi lms were exclusively made from SiOC (thereby reducing the battery weight). As shown in Figure 6 , the SiOC fi lms exhibited low fi rst cycle loss (27%), high cyclic effi ciency (~99 %) and sustained capacity (~1100 mAhg −1 ). 46 With increasing cycle number, the fi lms formed segments and the lithium diffusion was suggested to depend on segment size rather than its thickness.
Recently, Fukui et al. advanced the SiOC study by inducing porosity and increased exposed surface area that was expected to increase the capacity and cycle life. Porous specimens were synthesized by blending branched polysilanes and polystyrene with pore size and 
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surface area of ~2 nm and ~14 m 2 g −1 , respectively. The best performance obtained for SiO 0·4 C 0·8 was 565 mAhg −1 reversible capacity with 73% effi ciency. 47, 48 Although the Si-29 NMR suggested cleavage of Si-Si bonds, the 7 Li-NMR suggested multiple sites for Li-ion intercalation and no evidence of Si-Li bond formation was observed. 49 In another interesting work, Fukui et al. 50 used a microelectrode technique to cycle a 13 μm SiOC particle at 100 nA current (80 C-rate). A 98% effi ciency was observed for a pristine SiOC particle (without electrode additives exhibits) highlighting intrinsic rate capability of these PDC materials.
More recently, Liu et al. studied Li-ion intercalation mechanisms in SiOC anode specimens. 51 They utilized a combination of C V, NMR and XPS techniques to compare the performance of SiOC anode with amorphous SiO 2 and Si (Figure 7a and 7b) . Their analysis showed that some Si species in SiOC were in fact active toward electrochemical binding with Li while majority of the capacity was due to amorphous SiOC matrix. Of the coexisting SiO 2 C 3 , SiO 3 C and SiO 4 phases, the active SiO 4 phase formed Li 2 SiO 3 on intercalation, while the inactive part formed Li 4 SiO 4 . In addition, their XPS results showed that the SiOC 3 phases were completely irreversible and converted to SiC 4 on fi rst discharge (contributing to the ICL). The CV measurements could not distinguish between Li-intercalation in SiOC with amorphous SiO 2 and Si.
The Si-C-N system
Liebau et al. were among the fi rst ones to propose PDC SiCNbased electrode material for LIB applications. 52 Although no electrochemical cycling tests were performed, their work showed formation and lithium bonding both C and N in SiCN ceramic on pyrolysis at 1100°C.
Later, the effect of pyrolysis temperature 600-1500°C on electrochemical performance of SiCN ceramics was studied by Su et al. 53 Their results showed strong correlation between ceramic's pyrolysis temperature and their electrochemical capacity; as shown in Figure 8 , specimens pyrolyzed in 1000-1300°C temperature range showed higher discharge capacity than others. Furthermore, Kaspar et al. studied the performance of carbonrich SiCN-based anodes prepared from pyrolysis of polydiphenylsilylcarbodimide in a range of temperatures (1100, 1300 and 1700°C). 54, 55 Among these (binder free) anodes, the 1100°C SiCN exhibited best performance with 47% cycling effi ciency and 254 mAhg −1 reversible capacity. Electrochemical behavior of microporous SiCN anodes have also been documented in a recent study by Fukui et al.; these specimens, prepared by blending polystyrene and polysilane pyrolyzed at 600°C, showed improved reversible capacity (565 mAhg −1 ) and are believed to accommodate volume changes associated with continuous Li-cycling. 56 More than 95% of the fi rst cycle capacity was retained after 40 cycles for these specimens.
The effect of heat treatment on SiCN ceramics has also been investigated recently; Feng et al. have shown that heat treatment of SiN 0·31 C 0·97 H 0·31 O 0·05 at 1000°C in argon can lead to the formation of SiN 0·18 C 0·41 H 0·91 O 0·1 ceramic with improved coulombic effi ciency and reversible capacity at higher current densities. 57 This improvement was collectively attributed to the decreased N and increased O content in the heat-treated ceramic. 42 In conclusion, the lithium intercalation capacity in the SiCN system is largely attributed to the presence of free carbon and nanovoids in the amorphous structure. Due to their high fi rst cycle Polymer-derived ceramics as anode material for rechargeable Li-ion batteries: a review Bhandavat, Pei and Singh loss, voltage hysteresis and average intercalation capacity, it is highly unlikely that PDC SiCN will make a commercially viable anode for LIBs.
PDC carbon nanomaterial composites
Experimental data on bulk PDC-based anodes has highlighted some drawbacks in these materials: fi rst cycle loss, capacity degradation and voltage hysteresis. Recent work on PDCbased anode has been focused on addressing these issues by means of introducing carbon nanomaterials such as CNTs and graphene. [58] [59] [60] These nanomaterials offer several interesting properties such as high aspect ratio (that translates to high fl exibility), high electronic mobility, reduced ionic diffusion length, lighter weight and mechanical strength. Shown in Figure 9 is an instance where lithium cycling results in volume changes causing the loss of contact between the active anode particles. This eventually results in capacity decay with increasing cycles. Addition of CNTs in the active material can suppress the loss of electrical and ionic conductivity due to volume changes, thereby putting a check on capacity fading.To this end, Konno et al. have demonstrated functionalization of graphite with polysiloxane precursors, which on pyrolysis resulted in SiOC-graphite (SiOC 1·1 ) composite. 61 A reversible capacity of 625 mAhg −1 was observed for these composites, which remained stable up to 15 cycles at 100 mAg −1 current density with fi rst cycle loss of 40%. Following a similar approach, Ji et al. 62 showed a reversible discharge capacity of 357 mAhg −1 for a composite anode consisting of 25 wt. % graphene in SiOC. Following a slightly different approach, Kolb et al. 62 synthesized SiCN-graphite composites, by mixing 25% cross-linked polysilazane in graphite followed by pyrolysis at 1000°C. These composite anodes showed electrochemical capacity of 474 mAhg −1 when operated at a current density of 0·06 mAcm −2 . This improvement in the capacity was attributed to the increased Li-ion intercalation sites in the SiCN: graphite composite sheets. 63 Later, using a similar approach Graczyk et al. 64 synthesized SiCN-graphite composite and showed that more than 80% of the capacity could be retrieved under 1 V. Of the three specimens prepared at 950, 1100 and 1300°C, the 950°C specimen exhibited best performance of 376 mAhg −1 reversible capacity and 72·3% fi rst cycle effi ciency. 64 Ahn and coworkers have also demonstrated improvements with SiOC-graphene composites; their approach has involved liquid phase mixing of graphene oxide in liquid polysiloxane precursor which upon pyrolysis yields a SiOC-graphene composite with uniform composition. 65 Battery anodes prepared from these nanocomposites have shown tremendous potential; electrochemical capacity in excess of 800 mAhg −1 has been reported for up to 500 cycles. In another work, they have also demonstrated improved high C-rate performance of SiOC-CNT composites prepared by mixing deagglomerated CNTs with SiOC powder, followed by heating to 1000°C. 66 The enhanced cyclic performance for SiOC-CNT composite (515 mAhg −1 at 8·5 Ag −1 ) was primarily attributed to the increased electrical conductivity achieved by the addition of CNTs.
Studies involving solid-state mixing of MWCNT in SiCN ceramic particles have also been encouraging; a 14 % improvement over SiCN was observed with a reversible capacity of ~750 (fi rst cycle) and 400 mAhg −1 (30th cycle) for these composites. 67 A recent study has shown that Si(B)CN-based anodes can outperform SiCN anodes in terms of useful capacity and longer cycle life. One such comparison is shown in Figure 10 , where reversible capacity of polysilazane based SiCN has been shown to increase four times on doping with boron. 
Conclusion

Suggestions for further electrochemical analysis for PDC-based anodes
During the course of summarizing the experimental results, the authors have noticed lack of experimental data with respect to studies on hysteresis, long-term cycleability, C-V measurements and impedance spectroscopy. Following studies are recommended for PDC-based anodes:
1. Study of voltage hysteresis observed during electrochemical cycling, as it infl uences the power density 2. Cycleability study (increased number of cycles), coulombic effi ciency, C-rate and variable current density.
3. Study of electrochemical cycling effect on internal resistance of the electrode material. 4. Quantitative comparison of the experimental data presented above is not reasonable as the samples were cycled at different operating conditions (voltage range, current density, active material loading, accuracy of weight measured and electrolyte composition).
Material modifi cation and design recommendations
On the basis of the commonly experienced issues discussed earlier, following solutions are recommended for improving PDC-based anode's performance. Step-by-step comparison of the effect of lithium intercalation and deintercalation in the silicon particle electrode with and without carbon nanotubes as conducting agents. Polymer-derived ceramics as anode material for rechargeable Li-ion batteries: a review Bhandavat, Pei and Singh 1. Reducing the particle size of the active material can decrease the strains associated with nonuniform Li-ion diffusion. Hence, their cracking/pulverization could be prevented. Furthermore, structurally stable nanoporous architectures such as thin fi lms (spin coated, layer-by-layer deposited) can facilitate easy Li-ion diffusion and hence deliver sustained capacities at higher current rates. 2. Volume expansion with cycling is known to break the physical and electrical contact between the active material, current collector and conducting additive resulting in capacity fading. Thus, use of composite materials with active component intercalating Li-ions and matrix component material providing the cushion for volume expansion can result in a more resilient structure and hence stable cycling. The matrix component can act as an additional active material, further enhancing the specifi c capacity and battery life. 3. Use of a customizable binder that can form a uniform and stable bond with the active material, will result in reduced IRC losses. Binder with appropriate elasticity can accommodate volume changes during Li-ion cycling and still maintain the electronic and ionic conducting paths. Nonconducting polymer binders in the anodes are known to contribute toward voltage hysteresis during cycling. Development of conducting binders can eliminate or reduce the hysteresis and enhance the power density.
